Accurate precipitation detection is one of the most important factors in satellite data assimilation, due to the large uncertainties associated with precipitation properties in radiative transfer models and numerical weather prediction (NWP) models. In this paper, a method to achieve remote sensing of precipitation and classify its intensity over land using a co-located ground-based radar network is described. This method is intended to characterize the O−B biases for the microwave humidity sounder -2 (MWHS-2) under four categories of precipitation: precipitation-free (0-5 dBZ), light precipitation (5-20 dBZ), moderate precipitation (20-35 dBZ), and intense precipitation (>35 dBZ). Additionally, O represents the observed brightness temperature (TB) of the satellite and B is the simulated TB from the model background field using the radiative transfer model. Thresholds for the brightness temperature differences between channels, as well as the order relation between the differences, exhibited a good estimation of precipitation. It is demonstrated that differences between observations and simulations were predominantly due to the cases in which radar reflectivity was above 15 dBZ. For most channels, the biases and standard deviations of O−B increased with precipitation intensity. Specifically, it is noted that for channel 11 (183.31 ± 1 GHz), the standard deviations of O−B under moderate and intense precipitation were even smaller than those under light precipitation and precipitation-free conditions. Likewise, abnormal results can also be seen for channel 4 (118.75 ± 0.3 GHz).
Introduction
Polar-orbiting satellite observations in the visible, infrared, and microwave spectra provide a great deal of information on clouds and precipitation, as well as atmospheric water vapor and temperature [1] [2] [3] . In operational numerical weather prediction (NWP) models, microwave and infrared radiances from polar-orbiting satellite instruments are routinely assimilated to improve the accuracy of short-range and medium-range forecasts [4] [5] [6] . It was found that assimilating radiances of microwave humidity and temperature sounders such as the advanced technology microwave sounder (ATMS) could improve the prediction of humidity, temperature, and wind fields in the middle and high troposphere [7, 8] .
existing precipitation detection methods are widely carried out over the ocean. However, precipitation detection over land becomes much more challenging due to the much larger emission from land surface than from precipitation. With the significant development of the China new-generation weather radar (CINRAD), it is expected that radar reflectivity has the potential to improve the detection of precipitation particles and classification of precipitation intensities without the influence of surface emissivity over land. This study focused on O−B biases under different intensities of precipitation over land, aided by ground-based radar measurements. This paper is organized as follows. Section 2 briefly describes the data and methodology. No precipitation (0-5 dBZ), light precipitation (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , moderate precipitation (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) , and intense precipitation (>35 dBZ) are classified using eight weather radars. Section 3.1 shows the sensitivity of brightness temperatures (TB) and brightness temperature differences between channels (∆TB) to radar reflectivity. Section 3.2.1 presents a simple quality control procedure for exclusion of those data for which the comparison of O and B is extremely large. Section 3.2.2 assesses the characteristics of O−B biases for MWHS-2 under different classes of precipitation conditions. Section 4 discusses the interpretation of the results. Section 5 summarizes the study and draws conclusions.
Data and Methodology

MWHS-2 Channel Characteristics
The Feng Yun series 3 (FY-3) satellite developed by the China Meteorological Administration (CMA) is a new generation of sun-synchronous polar-orbiting satellite series consisting of seven satellites. FY-3A and FY-3B were experimental satellites and were launched on May 27, 2008 and December 5, 2010, respectively. FY-3C and FY-3D were operational satellites and were launched on September 23, 2013 and November 15, 2017, respectively. Both FY-3A and FY-3C were configured in morning orbits with local equator crossing times (LECT) around 10 a.m., and FY-3B and FY-3D were in an afternoon orbit with the LECT around 2 p.m. The MWHS-2 on board FY-3C/D is an advanced microwave humidity sounder with the first operational space-borne use of 118.75 GHz. The MWHS-2 on board FY-3C is of special interest in this study since it works stably to provide accurate atmospheric temperature and humidity data.
MWHS-2 is a 15-channel cross-track scanning microwave radiometer. Channel number, central frequencies, beam widths, and the peaking weighting functions (WFs) for the 15 channels of MWHS-2 are provided in Table 1 . MWHS-2 channels 1 and 10 are two window channels and are affected by emissions from the Earth's surface and scattering from ice phase clouds. The five humidity-sounding channels near 183.31 GHz are primarily sensitive to humidity at different heights from 2 to 10 km in the troposphere. MWHS-2 channel 15 has the highest central frequency among the five humidity-sounding channels and is most sensitive to scattering from thin clouds. The other eight MWHS-2 channels are located at the oxygen absorption band near 118.75 GHz and are sensitive to temperature in the stratosphere (channels 2-4) and the troposphere (channels 5-9). Channel 7, which has a lower peaking WF, is also sensitive to humidity due to the water vapor continuum [25, 26] . Channels 8 and 9 whose WFs peak near the surface were found to be highly surface sensitive and therefore can be essentially window channels. The altitude of FY-3C orbits is around 836 km. It has an inclination of 98.75 • , an orbital period of 101.49 min, and 14.1735 orbits/day. The quasi-repeat time is about five days. The antenna of MWHS-2 scans within the angles of ±53.35 • , leading to a swath width of~2600 km. There is a total of 98 field-of-views (FOVs) along each scan line. The nominal spatial resolutions of MWHS-2 are 15 km at nadir for channels 10-15 and 33 km for channels 1-9. 
The Weather Radar Network
The new-generation weather radar (CINRAD) network in China includes more than 200 Doppler weather radars and has played an important role in disaster weather monitoring since 1998. CINRAD consists of two bands, C-band in inland regions and S-band in coastal regions. In order to classify O−B biases with different precipitation intensities, eight S-band weather radars were selected: GRFY (Ground radar in Fuyang, Anhui Province); GRHF (Ground radar in Hefei, Anhui Province); GRXZ (Ground radar in Xuzhou, Jiangsu Province); GRNJ (Ground radar in Nanjing, Jiangsu Province); GRLYG (Ground radar in Lianyungang, Jiangsu Province); GRYC (Ground radar in Yancheng, Jiangsu Province); GRNT (Ground radar in Nantong, Jiangsu Province); and GRHZ (Ground radar in Hangzhou, Zhejiang Province) in East China (Figure 1 ). These radars were all China new-generation weather radar S-band A-type (CINRAD-SA) with a wavelength of~10 cm and effective precipitation detection distance of~230 km. All ground radars operated volume scans of nine elevation angles from 0.5 • to 19.5 • . The radar reflectivity factor mosaic from these eight weather radars can be used to categorize different intensities of precipitation. 
The Community Radiative Transfer Model (CRTM)
The community radiative transfer model (CRTM) [11, 27] developed by the US Joint Center for Satellite Data Assimilation (JCSDA) was used in this work to simulate brightness temperatures of MWHS-2. This model has been widely used for microwave and infrared satellite data assimilation and remote sensing applications, as well as aerosol assimilation [28, 29] . It includes modules that compute the satellite-measured radiation from gaseous absorption, and scattering of radiation by aerosols and clouds, as well as emissions and reflection of radiation by the Earth's surface. Moreover, the corresponding tangent linear and adjoint operators were already included in the CRTM package released.
In this study, analysis data from the European Center for Medium-Range Weather Forecasting (ECMWF) [20] were used as background fields of CRTM for clear-sky scenario simulations. The ECMWF dataset has a horizontal resolution of 0.5 • × 0.5 • and 37 levels in the vertical direction with the top-level pressure approximately at 1 hPa. Input background variables include the 10 m wind component, the surface skin temperature, the surface pressure, the air pressure at the Earth's surface and in the atmosphere, the water vapor mixing ratio, the atmospheric temperature, and the ozone concentration. Additionally, the instrument parameters of MWHS-2, such as the scan angle and zenith angle, were also inputted to CRTM.
Combined Satellite and Radar Dataset
In this study, the radar reflectivity of the eight combined weather radars in East China, as described above, was co-located with MWHS-2 field-of-view (FOV), so that each FOV had a corresponding radar reflectivity value to classify precipitation intensity. As shown in Table 2 , each observation was assigned to one of four classes: precipitation-free (0-5 dBZ), light precipitation (5-20 dBZ), moderate precipitation (20-35 dBZ), and intense precipitation (>35 dBZ). The dataset was sampled from 13 precipitating cases during the time period from July to September in 2016, over land. In order to provide a greater number of observations in the intense precipitation category (>35 dBZ), the cases with heavy rainfall and radar reflectivity above 35 dBZ, according to 24-h rainfall and radar composite reflectivity dataset, were selected accordingly. Table 2 . Description of different precipitation intensities used in this study. The number of MWHS-2/Ground-based radar coincident observations for each category (N obs ) is also shown. The key technologies for the combined application of radar and satellites are radar data quality control, generation of mosaic reflectivity for multiple radars, and spatial matching. In order to eliminate noise, biological echoes, clutter/anomalous propagation echoes and reflectivity biases, the radar dataset was subjected to a median filter, a fuzzy logic clutter filter (https://www.weather.gov/code88d/) and reflectivity bias correction [30, 31] . The Severe Weather Nowcast System (SWAN) [32] developed by CMA was used to generate mosaic reflectivity for eight radars. A standard latitude and longitude grid system (0.01 • × 0.01 • ) was defined according to the study area. The radar dataset in polar coordinates was mapped to the standard grid system by SWAN, and the inverse distance weighting interpolation method was used to generate mosaic reflectivity. Finally, the mosaic reflectivity was mapped to the filed-of-view of satellite by using the bilinear interpolation method to obtain the radar-satellite match-up dataset.
Class
Radar Reflectivity Type of Precipitation
Results
Sensitivity of Brightness Temperature to Radar Reflectivity
MWHS-2 features eight new temperature-sounding channels around the 118.75 GHz oxygen absorption line, along with five traditional humidity-sounding channels located near the 183.31 GHz water vapor absorption line [26] . It was pointed out that the brightness temperature at 118.75 GHz was much lower than that at 50-57 GHz, due to its strong frequency dependence on ice particle scattering in convective areas from the National Polar-Orbiting Operational Environmental Satellite System (NPOESS) aircraft sounder testbed-microwave (NAST-M) [33] . Therefore, the combination of 118.75 GHz and 183.31 GHz on MWHS-2 can allow profiling both temperature and humidity from a single instrument, and reveals more detailed features about hydrometeors related to cloud and precipitation, especially for ice particles. Figures 2 and 3 show the spatial distribution of ground-based radar reflectivity and satellite-observed brightness temperature for 15 channels of MWHS-2 for the case on 4 July 2016. It can be seen that the spatial distribution of radar measurements and brightness temperature of MWHS-2 were consistently correlated with respect to water vapor channels, window channels, and low-level temperature-sounding channels (channels 7-9). The averaged brightness temperature at window channels 1 and 10 was much higher than that of water vapor channels, due to the intense surface emissions in summer. A very strong temperature depression is noticeable around the 33 • N with brightness temperatures 40K lower than in the surrounding regions, highlighting a heavy hydrometer loading in this convective region, as shown in Figure 2a . In addition, channel 10 (150 GHz) shows even stronger sensitivity to precipitation-sized hydrometeors than channel 1 (89 GHz), especially when the radar reflectivity factor is above 25 dBZ. A significant temperature depression was also found for water vapor channels and channels 7-9. Channels from 11-15 and 7-9 responded to cloud and precipitation differently since the higher frequency channels probe deeper in the atmosphere, hence having greater depression in brightness temperature resulting from the scattering effect of hydrometeors. Additionally, this displays that brightness temperatures from low-level channels in the south of the study area are slightly larger than those in the north because higher temperatures exist near the equator in the summer, particularly for channels 7-10. Figure 4a shows that brightness temperatures for channels 11-15 in precipitating regions overall firstly increased and decreased subsequently, since emissions, scattering of clouds and precipitation could increase or decrease the brightness temperature.
As indicated in shaded region II in Figure 4a , brightness temperatures of channels 11-15 increase within 5-10 dBZ, illustrating that cloud emission dominates when rain rate is low and raindrop size is small. Then, brightness temperatures decrease with radar reflectivity as a result of the scattering effect by precipitation-sized hydrometeors as shown in region III and, more sharply, in region IV, due to the existence of larger hydrometeors.
The brightness temperature depression caused by the scattering effect of hydrometeors was different from channel to channel. Obviously, brightness temperature from channel 15 (TB 15 ) registered a stronger depression than the other four water vapor channels, presumably because the sensitivity of scattering to hydrometeors increased with frequency. Note that the brightness temperatures from channel 11 (183.31 ± 1 GHz) were even warmer than that from channel 15 (183.31 ± 7 GHz) above 35 dBZ. This is because channel 15 can see deeper into the cloud, and hence is subjected to greater scattering from the low layers of the cloud and precipitation. The differences in brightness temperature between channels 11-14 decreased with radar reflectivity, and the brightness temperatures for these channels tended to be~230 K when the radar reflectivity reached 40 dBZ.
For MWHS-2 channels 2-6, whose weighting functions peaked mostly above 300 hPa, cloud and precipitation had negligible effects on brightness temperatures. Regarding channels 7-9, brightness temperatures in region II remained nearly constant and further decreased linearly with radar reflectivity in regions III and IV (Figure 4b ). Note that TBs of channels 9 and 8 fell below that of channel 7 when radar reflectivity was above~27 dBZ (the red line indicated in Figure 4b) , mainly caused by different responses to hydrometeor size and content for these three channels. From Figure 4 , it can be seen that not only brightness temperatures (TB) but also the differences between these channels (∆TB) exhibited a good estimation of precipitation. Figure 5a ,b shows the brightness temperature differences (∆TB) versus radar reflectivity for three humidity channels and temperature-sounding channels, respectively. It shows that the differences among brightness temperatures decreased with radar reflectivity in general. Regarding the humidity-sounding channels, brightness temperature differences between channels 15 and 13 (∆TB ), channels 15 and 11 (∆TB 15-11 ), and channels 13 and 11 (∆TB ) shifted from a positive to a negative value at points A1, A2, and A3, respectively (Figure 5a ). It is also noticeable that the order of the ∆TB 15-13 , ∆TB 15-11 , and ∆TB 13-11 reversed at points B1 and B2. In terms of the temperature-sounding channels (Figure 5b ), brightness temperature differences between channels 9 and 7 (∆TB 9-7 ), channels 9 and 8 (∆TB 9-8 ), as well as channels 8 and 7 (∆TB 8-7 ) declined linearly below 40 dBZ and approached 0 K at point C. When radar reflectivity was below~27 dBZ, it was found that ∆TB 9-7 > ∆TB 9-8 > ∆TB 8-7 > 0 K existed because channels were further away from the center at 118.75 GHz and could see deeper into the troposphere where they detect higher temperatures in clear-sky and light precipitation. It is worth noting that the low-level sounding channels were subjected to greater scattering from cloud and precipitation and significant brightness temperature depression under moderate and intense precipitation conditions. Therefore, the relationship was reversed, ∆TB 9-7 < ∆TB 9-8 < ∆TB 8-7 < 0 K, where the radar reflectivity was above~27 dBZ. This feature makes it evident that the order relation of the differences between brightness temperatures can provide a useful insight into precipitation intensity. Figure 5 . Brightness temperature differences versus radar reflectivity for the three humidity-sounding channels 11, 13, and 15 (a), and three temperature-sounding channels 7, 8, and 9 (b), with data sampled from July to September in 2016. The four points A1 (20 dBZ, 0K), A2 (35 dBZ, 0K), A3 (45 dBZ, 0K), and C (27.5 dBZ, 0K) indicate that ∆TB 15-13 , ∆TB 15-11 , ∆TB 13-11 , ∆TB 8-7 , ∆TB 9-7 , and ∆TB 9-8 reach 0 K, respectively. Additionally, the order relation of ∆TB and ∆TB 13-11 as well as ∆TB and ∆TB 15-13 reverses from points B1 and B2, respectively. Figure 6 shows the scatter plots of ∆TB as a function of TB for channel 11 and channel 7, and the color of plots represents ground-based radar reflectivity. When radar reflectivity was above 15 dBZ, there was a tail of cases with decreasing TB and ∆TB. This is because brightness temperatures of low-level channels displayed a stronger depression in the presence of larger hydrometeors. 
Evaluations of MWHS-2
Quality Control
It can be concluded from Section 3 that both observed TB and ∆TB had a strong dependence upon water vapor and hydrometeors, as shown by the radar reflectivity. To further study the characteristics of differences between O and B, a comparison of observations and simulations for TB and ∆TB was conducted as described below. Figure 7 shows the joint probability density function (PDF) for TB and ∆TB, with the left column for observed values and the right column for simulated values. From Figure 7a ,b, it can be seen that the maximum PDF is near the brightness temperature from channel 11 (TB 11 ) at~240 K and ∆TB 13-11 at~15 K. Figure 7c,d shows that the maximum of the PDF is near brightness temperature from channel 13 (TB 13 ) at~255 K and ∆TB 13-11 at~15 K. TB 11 at its maximum PDF is colder than TB 13 , resulting from the fact that temperature decreased with height in the troposphere, and channel 11 was sensitive to a higher region than channel 13. Figure 7 . MWHS-2 observed (left column) and simulated (right column) joint probability density function (PDF) for ∆TB with TB 11 and TB 13 (a-d), as well as ∆TB 9-7 with TB 7 and TB 9 (e-h).
A considerable divergence exists between the observed and simulated brightness temperatures, with a long tail of decreasing ∆TB 13-11 and brightness temperatures. A similar distribution can also be seen for temperature-sounding channels 7 and 9 (Figure 7e-h) . Figure 6 reveals that the tail cases with decreasing ∆TB and brightness temperature mostly consist of radar reflectivity above 15 dBZ. Therefore, the scattering effect of hydrometeors above 15 dBZ, seen in the tail cases, resulted in the discrepancy between observations and simulations for both humidity-and temperature-sounding channels. The relationship between radar reflectivity and O−B is discussed in detail in Section 3.2.2. Figure 8 presents scatter plots of MWHS-2 observations and CRTM simulations with ECMWF input profiles for channels 13 and 6. Before removing values above 15 dBZ, relatively significant differences were found between observations and simulations. However, the observations and simulations correlate quite well and linearly under the categories of 0-15 dBZ, and the linear correlation coefficients are greater than 0.8 and 0.9 for channels 13 and 6, respectively. In addition, there are more regions with negative O−B values as low as −10 K for channel 1 than that for channel 10, presumably due to the fact that channel 1 is more sensitive to surface emissivity and the large uncertainties associated with surface emissivity in model, particularly in summer. In contrast to the water vapor channels, temperature-sounding channels 2-4 whose weighting functions peak in the stratosphere and the top of the troposphere have a good quality of O−B around 0 K homogeneously. It is worth noting that channel 5 has large regions of positive biases and will be discussed in Section 4. Moreover, channel 11 has large positive biases approaching~8 K in the northwest of the study area around 34 • N. This is possibly because the humidity in the middle troposphere is relatively low around 34 • N. Under very dry atmospheric conditions, channels measure radiation emitted from the Earth's surface and the atmosphere, and the contribution of atmospheric emissions will be more for channel 11 as the frequency is closer to the line center. Thus the positive biases around 34 • N for channel 11 were larger than that for channels 12, 13, and 14. Moderate positive biases were also found in the southeast of the study area around 30 • N for channel 14, implying that observed brightness temperatures are affected by latitude and season, thus having higher values closer to the tropical region in the summer.
The PDF distribution of O−B under different intensities of precipitation is shown in Figures 11  and 12 for channels 11-15 and channels 2-9, respectively. It shows that the mean values of O−B generally decreased within 0-5, 5-20, 20-35, and >35 dBZ in sequence for each channel. Channels 2-4 show slight dependence on radar reflectivity, as their weighting functions were mostly in the stratosphere and were almost unaffected by the cloud and precipitation in the troposphere. Whereas, for the other channels, the uncertainty (standard deviation) of O−B under different categories of radar reflectivity displayed considerable variability, owing to precipitation intensity and frequency. For channels 13-15 and channels 5-9, both the biases and the standard deviations increased with precipitation intensities, and the standard deviations of O−B under moderate (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) and intense precipitation (>35 dBZ) conditions were greater than those for light precipitation (5-20 dBZ) and precipitation-free (0-5 dBZ) conditions. However, it is abnormal for channels 11 and 4 that the standard deviations decreased with precipitation intensities. Note that for channel 11, biases within the 20-35 and >35 dBZ categories even produced smaller standard deviations than those within 0-5 and 5-20 dBZ. Also, the standard deviations of biases for channel 4 in 20-35 and >35 dBZ categories are smaller or close to that in 0-5 and 5-20 dBZ. While for channels 13-15 and channels 5-9 further away from the 183.31 GHz line and 118.75 GHz line respectively, biases in the moderate and intense precipitation (>20 dBZ) categories exhibited a larger standard deviation than those under precipitation-free and light precipitation (<20 dBZ) conditions. Figure 13 indicates O−B biases versus radar reflectivity for channels 11-15 and 2-9. Generally, the response of O−B biases to radar reflectivity was gradually enhanced with the detection height decreases from channels 11-15 and 2-9. Regarding the water vapor channels 11-14, O−B biases within 0-10 dBZ had small values about~0K, then began to decline above 10 dBZ threshold. The O−B biases sharply declined when radar reflectivity was above 35 dBZ, owing to the excessive scattering effect of large-sized hydrometeors. CRTM simulation performed extremely well for channels 2-5 with rather small O−B biases. Nonetheless, O−B biases for channels 7-9 whose detection heights close to the surface decreased greatly under precipitating conditions, and there was a nearly linear correlation between the O−B biases and radar reflectivity. 
Discussion
The combined satellite and radar dataset between MWHS-2 and a ground-based radar network in East China was established for the period of July to September 2016. Precipitation classification and the information on hydrometeors from radar reflectivity have been used to evaluate the characteristic of measurements and O−B biases under different precipitation conditions. Good agreement was found between the MWHS-2 and ground-based radar measurements in the overlapping sensitivity range.
A criterion based on the differences between measured brightness temperatures at 183.31 ± 1 GHz, 183.31 ± 3 GHz, and 183.31 ± 7 GHz was suggested to screen out cloud and precipitation in many previous studies [34] [35] [36] . For channels 2-7 near to the oxygen absorption line centered on 118.75 GHz, it was also found in this study that the farther the frequency is from the center, the larger the brightness temperature depression under precipitating conditions. The different responses to precipitation result in changes in the differences between brightness temperatures. Further research was carried out in this study to validate the fact that the depression in difference between brightness temperatures was mainly caused by the scattering effect of hydrometeors above 15 dBZ ( Figure 6) , where there were large discrepancies between O and B (Figure 7 ). Based on these data, a simple quality control procedure was conducted by removing the values with radar reflectivity above 15 dBZ.
The O−B biases for MWHS-2 were evaluated under various precipitating conditions. It was noted that channel 5 has large regions of positive biases, which is consistent with the study by Lawrence et al. [37] which showed that the monthly mean O−B for channel 5 was a positive value and different from the other channels, and this feature was more obvious in July. It was suspected that channel 5, whose weighting function peaks near the tropopause, was affected by tropopause warming owing to the global warming in recent years [38, 39] , thus resulting in a relatively positive O−B value compared with the other channels. Additionally, the tropopause lies in the transition zone between upper troposphere and lower stratosphere, and there are large uncertainties associated with the model background field due to the turbulence and discontinuity of temperature and humidity in the tropopause.
For channels 13-15 and channels 5-7, both the biases and also the standard deviations increased with precipitation intensities. However, for channels 11 and 4, standard deviations of O−B in the moderate (20-35 dBZ) and intense precipitation (>35 dBZ) categories were even smaller than those under light precipitation (5-20 dBZ) and precipitation-free (0-5 dBZ) conditions. It is abnormal that standard deviations decreased with precipitation intensities for channels 11 and 4, which is contradictory with the results from Kulie et al. [40] .
The present work focuses on quantifying O−B biases under different precipitation conditions aided by the ground-based radar network measurements and is only a starting point for assimilating the precipitation-affected radiances. The biases associated with scanning angle and latitude under clear-sky conditions were not performed in this study. Further efforts should be devoted to bias correction under precipitating conditions and the application of precipitation-affected radiances in satellite data assimilation.
Conclusions
In this study, the characteristics of O−B biases for MWHS-2 over land were estimated under different intensities of precipitation conditions aided by a ground-based radar network. These evaluations allow forward model biases to be quantified under various precipitation conditions, a very important and necessary step toward the application of precipitation-affected radiances in data assimilation systems.
The brightness temperatures observed vary with radar reflectivity depending on the precipitation intensity. The larger the hydrometeors with heavier precipitation, the larger the scattering and emission effects of cloud and precipitation on brightness temperatures. Cloud emissions dominate when precipitation intensity is light (5-10 dBZ), resulting in increases in brightness temperature, especially for channels [11] [12] [13] [14] [15] . Then, the brightness temperature decreases linearly above 10 dBZ. Moreover, the thresholds for brightness temperature differences between water vapor channels and temperature-sounding channels are suggested as criteria for classifying precipitation intensities, and the order relation between the differences is also sensitive to radar reflectivity, typically for channels 7-9.
The spatial distribution of O−B biases corresponds well with the spatial distribution of radar reflectivity. O−B biases for both humidity-sounding channels and temperature-sounding channels show different sensitivities to radar reflectivity owing to their frequency and weighting function height. In general, O−B biases under light precipitation (5-20 dBZ) display relatively lower means and lower standard deviations than those in intense precipitation, except for abnormal results for channel 11 and channels 4 due to their frequencies lying nearer to the 183.31 GHz water vapor absorption line and 118.75 GHz oxygen absorption line, respectively, when compared with other sounding channels. Additionally, the CRTM simulation performs well for channels 2-5 under all conditions, and for channels 11-13 under light precipitation with linear correlation coefficients between observed and simulated brightness temperatures greater than 0.8.
